Hepatitis B virus (HBV) is a hepatocyte-specific DNA virus whose gene expression and replication are closely associated with hepatic metabolic processes. Thus, a potential anti-viral strategy is to target the host metabolic factors necessary for HBV gene expression and replication. Recent studies revealed that fatty acid translocase CD36 is involved in the replication, assembly, storage, and secretion of certain viruses, such as hepatitis C virus (HCV) and human immunodeficiency virus (HIV). However, the relationship between CD36 and the HBV life cycle remains unclear. Here, we showed, for the first time, that increased CD36 expression enhances HBV replication in HepG2.2.15 cells. To understand the underlying molecular basis, we performed genome-wide sequencing of the mRNA from HepG2.2.15-CD36 overexpression (CD36OE) cells and HepG2.2.15-vector cells using RNA Sequencing (RNA-seq) technology to analyze the differential transcriptomic profile. Our results identified 141 differentially expressed genes (DEGs) related to CD36 overexpression, including 79 upregulated genes and 62 downregulated genes. Gene ontology and KEGG pathway analysis revealed that some of the DEGs were involved in various metabolic processes and the HBV life cycle. The reliability of the RNA-Seq data was confirmed by qPCR analysis. Our findings provide clues to build a link between CD36, host metabolism and the HBV life cycle and identified areas that require further investigation.
Introduction
Hepatitis B virus (HBV) infection is a major cause of morbidity and mortality around the world because it enhances the development of hepatitis, cirrhosis and hepatocellular carcinoma [1] . HBV is a small liver-specific targeting DNA virus. It consists of partially double-stranded DNA human CD36 cDNA was cloned into the GV341 plasmid. Next, a lentivirus-CD36 overexpression system was constructed, packaged, and purified by GeneChem. CD36-overexpression-lentivirus and vector-lentivirus were transfected into HepG2.2.15 cells and were designated as HepG2.2.15-CD36OE and HepG2.2.15-vector cells, respectively. Subsequently, puromycin (2 μg/mL) was used to select stably transfected cell lines.
Western blotting
To identify CD36 expression in HepG2, HepG2.2.15, HepG2.2.15-CD36OE and HepG2.2.15--vector cells, cells were lysed using RIPA containing a protease inhibitor cocktail (Roche, Germany), and the protein concentration was measured and normalized for western blotting. Proteins (50 μg) were separated by 8% SDS-PAGE gradient gels and transferred onto PVDF membranes. After blocking with 3% BSA, membranes were incubated with antibody against human CD36 (Abcam, UK) at 4°C overnight. The membranes were then incubated with the corresponding secondary peroxidase-coupled antibody. Finally, the detection procedure was performed using an ECL Advance Western Blotting Detection kit (Millipore, USA). Densitometric analysis was performed using Image J software (National Institutes of Health,USA). An anti-β-actin antibody was used as a loading control.
Southern blot analysis
Core particles associated with HBV DNA replicative intermediates were extracted from HepG2.2.15-CD36OE and HepG2.2.15-vector cells after 96 hours, according to the previously described method [13] . HBV DNA samples were separated by electrophoresis in 1% agarose gel and transferred onto nylon membranes. UV cross-linking, prehybridization, and hybridization were performed according to the protocol from the manufacturer of the DIG-High Prime DNA Labeling and Detection Starter Kit I (Roche, Germany). The signal was detected by exposure on an X-ray film.
Quantification and differential expression analysis of transcripts
Total RNA was extracted using TRIzol reagent (Invitrogen, USA) according to the protocol provided by the manufacturer, after which the concentration was measured by a NanoDrop 2000 (Thermo Scientific, USA) with the quality assessed by an Agilent 2200 (Agilent, USA). An RNA sequencing library of each sample was prepared using the Ion Total RNA-Seq Kit v2, in accordance with the protocol provided by the manufacturer (Life technologies, USA). After library construction, each library preparation was sequenced using the Ion PI™ chip, and the raw reads were generated. After filtering, the clean reads were used to map to the reference genome using Misplacing software [14] . The expression level of each gene was normalized by the reads per kilobase per million (RPKM) [15] . To identify DEGs, the DEseq package was used to filter the DEGs for the HepG2.2.15-CD36OE and HepG2.2.15-vector groups [16] . After the statistical analysis, we screened the DEGs with a fold change > 1.5 or fold change < 0.667, and the false discovery rate (FDR) threshold was FDR < 0.05.
Gene ontology and pathway analysis
To identify the main function of the DEGs, gene ontology (GO) analysis was performed using the GO-TermFinder tool [17] . Significantly enriched GO terms were detected according to a pvalue < 0.05. Moreover, to identify the significantly enriched pathways, pathway annotation was performed according to the KEGG database [18] . The significantly enriched pathways were computed on the basis of the Fisher test of the hyper geometric distribution at a p-value < 0.05.
Co-expression network analysis
All DEGs were used to construct gene co-expression networks on the basis of the normalized signal intensity of specific genes. The Pearson's correlation of each pair of genes was computed, and the significantly correlated pairs were selected to construct the co-expression network [19] . The centrality degree of a gene was assigned in terms of the number of links that one node has with another [20, 21] . The centrality degree represents the centrality of genes in the network and can reflect the relative importance of the gene. In addition, the k-cores were adopted so that all nodes are connected to at least k other genes in the subnetwork [22] . Within the networks analysis, firstly, the DEGs with the highest difference centrality degree (absolute value!6) were selected; secondly, among above screening genes, the genes with the highest difference k-core scoring (absolute value!6) were recognized as potential core regulatory genes.
Quantitative real-time PCR validation
To identify CD36 overexpression, the total RNA of HepG2.2.15-CD36OE and HepG2.2.15--vector cells was extracted and reverse-transcribed to cDNA for quantification by real-time PCR. To validate the RNA-Seq results, cDNA was synthesized using 1 μg of the original RNA sample by reverse transcription according to the protocol, and these cDNA templates were used for further quantitative PCR analysis. Quantitative real-time PCR (qPCR) using the SYBR Green method was used to detect the gene expression level. β-actin was chosen as the reference gene, and the expression levels were computed according to the 2 −ΔΔCt values. The primer sequences are provided in S1 (Fig 1A and 1B) , suggesting that the cell model of CD36 overexpression was successfully established. Next, HBV DNA replicative intermediates were detected by both qPCR and Southern blotting. The data showed that upregulation of CD36 resulted in enhanced levels of HBV DNA in HepG2.2.15 cells (Fig 1C and 1D ).
RNA-seq of the HepG2. 
Analysis of gene differential expression
To identify the DEGs, the number of unique clean reads for each gene was computed and normalized to RPKM. The RPKM distribution showed there were few different genes in the same groups (S2 Fig). The criteria of fold change > 1.5 or fold change < 0.667 in expression and Comparisons among groups were determined with independent-sample t-test using the SPSS software (Version 11.5). Significant differences are considered at *P<0.05 and *** p < 0.0001 versus control group. FDR < 0.05 were chose to screen the significantly upregulated or downregulated genes. A total of 141 DEGs were identified according to these criteria, including 79 upregulated genes and 62 downregulated genes (S3 Table) . Some genes associated with HIV were also found in this analysis, including apolipoprotein B mRNA editing enzyme catalytic subunit 3B (APOBEC3B), C-C motif chemokine ligand 20(CCL20), PDZ domain containing 8(PDZD8), and beta-site APP-cleaving enzyme 2(BACE2). Together, our results demonstrated that there were distinct gene regulation patterns between the HepG2.2.15-CD36OE group and the HepG2.2.15-vector group, suggesting that CD36 overexpression can produce unique gene profiles, which may be related to the HBV life cycle.
Functional annotation of differentially expressed genes
To understand the functions of the DEGs, GO analysis was carried out. According to the GO terms, 66, 74, and 64 DEGs were classified into biological processes, molecular functions and cellular components, respectively. Compared to the HepG2.2.15-vector group, the highly enriched GO terms of biological processes in the HepG2.2.15-CD36OE group were related to positive regulation of macrophage-derived foam cell differentiation, positive regulation of cholesterol storage, low-density lipoprotein particle clearance, cellular response to lipoteichoic acid, and low-density lipoprotein particle remodeling (Fig 2A) . In the category of molecular function, the most significant subcategories were lipoteichoic acid receptor activity, ATP-activated inward rectifier potassium channel activity, thrombospondin receptor activity, thiamine pyrophosphate binding, and protein binding (Fig 2B) . The main subcategories of the cellular component were extracellular space, extracellular region, extracellular vesicular exosome, and small ribosomal subunit (Fig 2C) . These results showed that CD36 overexpression was mainly involved in the regulation of lipid metabolic process, lipoprotein transport, translation and viral process. Three genes of ribosomal protein S25(RPS25), ribosomal protein L10(RPL10) and ribosomal protein S28(RPS28) contribute to the GO terms of viral transcription and the viral life cycle.Furthermore, to understand the functional relationships of the GO terms, GO trees were constructed (Fig 3) . As shown in Fig 3, the genes in the HepG2.2.15-CD36OE groups were highly enriched in categories related to long-chain fatty acid transport, plasma lipoprotein particle clearance carboxylic metabolic processes, translation, RNA metabolic processes, mRNA transcription, positive regulation of cytokine biosynthetic process and ribosomal small subunit biogenesis compared to the HepG2.2.15-vector group. These GO enrichment categories provide clues about the role of CD36 in HBV replication cell lines, which will facilitate screening of the genes that contribute to these categories. KEGG enrichment analysis was performed to further investigate the potential function of these DEGs. These 141 DEGs were mapped to 56 pathways. Ultimately, five statistically significant enrichment pathways were identified according to the hypergeometric test (p < 0.05). These pathways were involved in fat digestion and absorption, tryptophan metabolism, arachidonic acid metabolism, ribosomes, and gastric acid secretion ( Table 2) .
Co-expressed genes and their networks
Furthermore, we constructed general co-expression networks of DEGs to identify the core genes accompanying CD36 overexpression. In the HepG2.2.15-vector group, the co-expression network had a total of 496 connections between genes (Fig 4) . Within this co-expression network, 254 pairs presented as positive and 242 pairs presented as negative. In the HepG2.2.15-CD36OE group, the co-expression network showed a total of 516 connections between genes (Fig 5) . Within this co-expression network, 269 pairs presented as positive and 247 pairs presented as negative. The networks showed that there were markedly different patterns of gene co-expression in the two groups. Total 11 genes were selected as potential core regulatory genes according to the highest difference centrality degree and highest difference kcore scoring (Table 3) . Furthermore, according to GO analysis, we found that the functions of some core genes were related to deoxycytidine deaminase activity, calmodulin binding, epidermal growth factor receptor binding, structural molecule activity, cation transmembrane transporter activity.
Confirmation of differentially expressed genes by quantitative real-time PCR
To validate the expression levels of the DEGs, 11 DEGs were randomly selected for validation by qPCR. As shown in Fig 6, the qPCR results of the DEGs were in agreement with those of the RNA-Seq analysis, suggesting the RNA-Seq data used in the present study was reliable and accurate.
Discussion
In this study, we first reported that the CD36 protein levels were significantly higher in the HepG2.2.15 cells than in its parental HepG2 cells. Further results demonstrated that CD36 overexpression could significantly enhance HBV replication in HepG2.2.15 cell lines. To reveal the potential molecular mechanism, we performed genome-wide analysis of mRNAs from HepG2.2.15-vector cells and HepG2.2.15-CD36OE cells to detect DEGs involved in metabolism and the HBV life cycle. To our knowledge, this is the first genome-wide analysis of mRNAs to screen DEGs that were induced by increasing CD36 expression. Therefore, we propose that these data will serve as a powerful tool and resource for future research related to the effects of CD36 on host metabolism and the HBV life cycle. The RNA-Seq results identified 141 DEGs. Among these DEGs, some virus-related genes were differentially regulated between the two cell lines, including APOBEC3B, CCL20, PDZD8, and BACE2, which are known to be associated with the HIV-1 virus life cycle or to interact with HIV-1 proteins [23] [24] [25] [26] . Whether these DEGs were participants in the HBV life cycle requires further investigation. Moreover, through GO and GO tree analysis, we also identified some unregulated genes that were involved in viral transcription and viral life cycle, such as RPS25 and RPL10 [27, 28] . Because the HBV replication requires an obligatory reverse transcription step, the results imply that CD36 may modulate HBV transcription. For further exploration of CD36-specific genes, we established co-expression networks in the HepG2.2.15-CD36OE and HepG2.2.15-vector groups for DEGs according to the Pearson's correlation of each pair of genes. Gene co-expression network analysis is a powerful method to explore the intrinsic organization of a transcriptome [29] . According to the co-expression networks of the DEGs, we identified the core genes accompanying CD36 overexpression. Among the "key regulatory" genes, we specially focused on the expression levels of APOBEC3B. A series of studies reported that APOBEC3B could edit HBV covalently closed circular DNA (cccDNA) and reduce HBV replication in vitro and in vivo [30] . In addition, Interferon-α treatment could upregulate the expression of APOBEC3B to induce cccDNA degradation [31] . Upon infection, the cccDNA serves as the template for HBV viral transcription and replication [32] . Point mutations inactivating APOBEC3B reduced the inhibitory activity on HBV replication to approximately 40% [33] . Our data demonstrated that CD36 overexpression could inhabit the expression of APOBEC3B, suggesting that CD36 overexpression may increase HBV replication by inhabited APOBEC3B. The Relationship between Fatty Acid Translocase CD36 and the Hepatitis B Virus
In addition, we also identified many other genes that were significantly differentially regulated between the two cell lines involved in host metabolism. According to the KEGG pathway analysis, CD36 overexpression mainly affected the pathways of fat digestion and absorption, tryptophan metabolism, arachidonic acid metabolism, ribosomes, and gastric acid secretion. Furthermore, the apolipoprotein B (APOB) gene was significantly downregulated and phospholipase A2 group IIA (PLA2G2A) was significantly upregulated in the fat digestion and absorption pathway in the present study. A previous study suggested that CD36 could regulate the release of arachidonic acid (AA) from cellular membranes by activating cytoplasmic phospholipase A2, which contributes to the production of proinflammatory eicosanoids [34] . The downregulated genes oxoglutarate dehydrogenase-like (OGDHL) and dopa decarboxylase (DDC) were involved in tryptophan metabolism. A ribosome is an organelle that translates messenger RNA into a polypeptide chain in the course of protein synthesis. Ribosomal proteins play important roles in the regulation of transcription, DNA repair, cell proliferation and apoptosis. In the present study, some significant DEGs involved in ribosome pathways were upregulated. Thus, we inferred that the ribosome pathway is an important process that is affected by CD36. Previous studies reported that CD36 was involved in store-operated calcium flux [34] . Among the DEGs, we found that neurogranin (NRGN) was related to calcium signaling. Neurogranin is a member of the IQ motif class of calmodulin-binding proteins, which can be bound to the C-terminal domain of calmodulin to increase the Ca 2+ dissociation rate [35] . Calcium signaling is a key factor in HBV and is involved in HBV DNA replication and HBV core assembly [36] [37] [38] [39] . Therefore, CD36 may regulate the HBV life cycle through calcium signaling. In addition to calcium homeostasis, KEGG pathway analysis showed that the genes of potassium voltage-gated channel subfamily J member 10(KCNJ10) and potassium two pore domain channel subfamily K member 10(KCNK10) contributes to the GO terms of gastric acid secretion. KCNJ10 gene encodes a member of the inward rectifier-type potassium channel family, which allows K + flow into the cell [40] . KCNK10 channel is an open rectifier which primarily passes outward current under physiological K + concentrations [41] . In the present study, the Comparisons among groups were determined with independent-sample t-test using the SPSS software (Version 11.5). Significant differences are considered at *P<0.05, ** p < 0.001 and *** p < 0.0001 versus control group.β-actin was used as the reference gene.
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The Relationship between Fatty Acid Translocase CD36 and the Hepatitis B Virus KCNJ10 was significantly upregulated and KCNK10 was significantly downregulated, which could lead to increase cytoplasm concentration of potassium ion. Our results suggest that CD36 is involved in K + homeostasis in the liver cells. Whether KCNK10 and KCNJ10 channel are participants in the HBV life cycle needs to be further investigation.
In conclusion, we reported, for the first time, that increasing the expression of CD36 could promote HBV replication in HepG2.2.15 cells. To understand the role of enhanced CD36 expression in host metabolism and the HBV life cycle in HBV replication cell lines, we performed RNA-seq between HepG2.2.15-CD36OE cells and HepG2.2.15-vector cells and identified 141 DEGs. The present study results provide significant clues for future studies and extend our knowledge regarding the synergistic effect of genes related to CD36 overexpression in an HBV replication background. Given the fact that CD36 increases HBV replication to a certain level, we speculate that for those HBV infected patients with a higher expression level of CD36, such as NAFLD and MS, proper control of CD36 or metabolism treatment may serve as an adjunctive therapeutic means which may have an additive effect to the conventional anti-viral drugs such as interferon and reverse-transcriptase inhibitors. 
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